Brain injury from cardiac surgery is an important source of patient morbidity and mortality. The relationship between risk of brain injury and advanced age portends a rising frequency of these complications due to an increasing proportion of elderly patients undergoing cardiac surgery. This review will explore the aetiology and risk factors for peri-operative stroke, postoperative cognitive dysfunction and postoperative delirium. The prevention of each of these conditions will also be discussed, with a focus on brain protection strategies and the avoidance of cerebral embolism and hypoperfusion.
The proportion of the population in developed countries that are > 65 years of age continues to rise. In the United States of America (USA), the number of individuals older than 65 years is projected to more than double over the next 30 years [1] . This aged population is expected to increase demand for surgical treatments [2] . Since mortality from many surgeries in the elderly is low, or has declined, there is a growing emphasis on reducing complications as a means of improving patient outcomes. Neurological complications are an important source of patient morbidity that increase health resource consumption, increase the likelihood of discharge to a secondary care facility, impair quality of life and threaten long-term survival [3] . In this article, we will review the different manifestations of peri-operative neurological complications. We will further discuss patient and procedural risk factors for their occurrence as a first step for devising strategies to reduce their occurrence. While injury to the peripheral nervous system can occur, this is discussed elsewhere in this supplement; the focus of this paper will be on central nervous system complications.
Manifestations of neurological complications
Peri-operative stroke is a devastating complication with an incidence that varies markedly depending on the type of surgery. For most non-cardiac, non-neurological and non-major vascular procedures, the frequency of stroke is < 1% [4] . The frequency is much higher for major vascular and cardiac surgery. In one large series, the rate of stroke was highest for patients undergoing multiple cardiac valve surgeries (9.7%), followed by isolated mitral valve surgery (8.8%), combined coronary artery bypass graft (CABG) with valve surgery (7.4%), isolated aortic valve surgery (4.8%), and it was lowest for isolated CABG surgery (3.8%) [5] . The frequency of stroke following transcatheter aortic valve replacement (TAVR) has been of special interest in light of the high-risk patient populations undergoing this procedure. In the postprocedure period, the frequency of stroke can be as high as 5.7% (Table 1) [6] [7] [8] [9] .
Stroke may be evident immediately upon emergence from anaesthesia (early stroke) or it may occur several days after surgery (late stroke) [10] . Importantly, many strokes go clinically undetected. Data from studies that have employed sensitive magnetic resonance imaging (MRI) report new ischaemic brain lesions in 30% to 50% of patients after cardiac surgery depending on patient risk profile [3, 11] . The rates are even higher after TAVR where the majority of patients have new MRI-detected ischaemic lesions [12] . Recent data from a multicentre study of 100 patients found covert strokes detected with postoperative MRI in 10% of non-cardiac surgery patients [4] . In most instances, brain MRI ischaemic lesions are subcortical and not associated with demonstrable motor or sensory deficits, and thus, are acutely asymptomatic. However, epidemiological data clearly show that silent lesions or covert strokes are associated with future risk of stroke and dementia [13] .
Other neurological complications after surgery include seizures, postoperative cognitive dysfunction (POCD) and postoperative delirium (POD). Seizures are classified as focal or generalised and they have varied manifestations ranging from behavioural changes, altered level of consciousness or tonic/clonic motor activity. Generalised seizures are reported in 0.1% to 1.6% of patients after cardiac surgery, with higher rates (0.7% to 4.6%) seen in patients receiving tranexamic acid [5] . Convulsive seizures may go undetected in some patients due to residual neuromuscular blockade while non-convulsive seizures may need electroencephalographic (EEG) monitoring for detection.
Patients who have had cerebral hypoperfusion due to hypothermic circulatory arrest or those who have suffered a cardiac arrest are particularly vulnerable to seizures. Since seizures may exacerbate neuronal ischaemia, prompt detection and treatment is critical. A search for reversible causes of seizures is imperative including a review of medication for those with epileptogenic potential such as: tranexamic acid; some antibiotics (e.g. metronidazole, penicillins); immunosuppressive medications such as calcineurin inhibitors (e.g. cyclosporine, tacrolimus); antidepressants (e.g. serotonin-receptor blockers); local anaesthetics; and opioids (e.g. meperidine).
Postoperative cognitive dysfunction refers to decrements from baseline in a variety of cognitive functions such as attention, concentration, memory, executive function, verbal fluency and/or visual spatial performance. The frequency of POCD depends on many factors including: the psychometric testing battery employed; patient age; level of education; type of procedure; the timing of the testing; and definition of cognitive decline. The wide variability in these factors between studies confounds comparison of the data between institutions. In general, POCD is reported in 10% to 30% of patients when evaluated 1 month after cardiac surgery [3] . The risk for POCD after TAVR procedures has not been thoroughly investigated (Table 1) . After non-cardiac surgery, POCD is found in approximately 26% of patients at 1 week and in 10% to 13% at 3 months following surgery [14, 15] . A concern has been raised as to whether POCD impacts long-term cognition in elderly patients. Newman et al. reported that POCD at hospital discharge was associated with increased risk for cognitive decline 5 years after cardiac surgery [16] . This study used patients as their own control which fails to adjust for the effects of ageing on longitudinal cognitive trajectory. Selnes et al. addressed this limitation by tracking cognitive performance in a group of patients undergoing cardiac surgery and in a control group with angiographyproven coronary artery disease treated medically [17] . They found no differences in decrements in cognition after 6 years of follow-up between the patients who underwent CABG surgery with cardiopulmonary bypass vs. the medically treated controls. These results were corroborated in a study by van Dijk et al. who 1.5-8% -reported no differences in cognition for patients 5 years after CABG surgery compared with agematched controls [18] . These data suggest that the negative trajectory of cognition over time may be more related to the progression of cerebral vascular disease than cardiac surgery per se. However, this conclusion may only apply when considering group level data [19] . There remains a concern that perturbations resulting from surgery and anaesthesia could negatively influence individual trajectories of cognition over time.
Postoperative delirium (POD) is an acute cognitive disorder that is prevalent after surgery, particularly following hip fracture repair and cardiac surgery. While POCD is not a recognised clinical diagnosis (and thus remains a research endpoint), delirium is a psychiatric disorder requiring the presence of specific diagnostic criteria. It is defined by the Diagnostic and Statistical Manual of Mental Disorders (5th edition) as an acute fluctuating disorder of consciousness, attention, cognition and perception not explained by pre-existing or evolving dementia [20] and occurs in 30% to 62% of patients [20] . In the USA, delirium in hospitalised patients > 65 years accounts for 17.5 million inpatient days and £5.4 billion (€5.8 billion, US$ 6.9 billion) in Medicare yearly spending [21] . Like POCD, POD is associated with loss of independence, impaired quality of life, increased health resource utilisation and is risk factor for mortality [21, 22] . Importantly, POD is independently associated with short-and long-term cognitive decline, suggesting that preventative interventions for POD may result in improved postoperative cognition [23] .
Mechanisms of peri-operative brain injury
The aetiology of ischaemic stroke is divided into five categories: large-artery atherosclerosis; cardio-embolism; small artery or lacunar infarction; stroke of other determined aetiology; or stroke of undetermined aetiology (cryptogenic) [4] . The frequency of haemorrhagic stroke is low in surgical patients, including those undergoing cardiac surgery despite the large doses of heparin given. The extent of injury is likely worsened by inflammatory processes that result from surgery and ischaemia/reperfusion injury. Genetic susceptibility has been a further invoked aetiology [24] . In vulnerable patients, inflammation and other perioperative factors could lead to injury of atherosclerotic plaques. Exposure of rich lipid content of the plaques, along with the hypercoagulability that occurs with surgery, could contribute to thrombotic occlusion of cerebral vessels perhaps explaining, delayed stroke [4] .
While cerebral vascular disease is endemic in older patients, the frequency of large vs. small vessel disease has not been entirely defined in surgical patients [25] . An example of large vessel cerebral arterial disease is shown in Figure 2 . Pre-operative transcranial Doppler evaluations on the major cerebral arteries have been undertaken in patients before cardiac surgery. These examinations were carried out by a trained vascular technologist and graded using established criteria [26] . Moderate-severe stenosis of large cerebral arteries (i.e. middle, basilar, vertebral arteries) was demonstrated in 25% of the 282 patients who were studied. The frequency of small vessel arteriolar disease was also assessed in 117 patients. Brain MRI was used to look for white matter hyperintensities, which have been attributed to small arteriolar occlusion to small penetrating arteries without collaterals [27, 28] . White matter hyperintensities were present in 36% of the patients. Cerebral small vessel disease may contribute to injury from compromised cerebral perfusion during bypass (Fig. 1) .
Carotid artery disease has been implicated in postoperative stroke particularly after cardiac surgery [29] . Guidelines from the American Heart Association recommend screening for carotid disease in patients undergoing coronary revascularisation who are high risk defined as: age > 65 years; left main coronary stenosis; peripheral arterial disease; history of cerebrovascular disease; and those with a history of hypertension, diabetes and smoking [30] . For patients with a history of TIA or stroke and known clinically significant carotid stenosis, carotid and coronary revascularisation should be considered by a multidisciplinary team including surgery, cardiology and neurology. The sequence and timing of carotid and coronary revascularisation should be tailored to the individual, usually based on the extent and relative risk of carotid and coronary disease.
Cerebral embolism is major source of brain injury during or after surgery. Embolism is typically classified as macro-and micro-embolism (< 200 lm). Atherosclerosis of the ascending aorta is an important potential source of embolism [10, 31] . Dislodgement of atherosclerotic debris can result from aortic manipulations during surgery (e.g. cannulation, cross-clamping, bypass graft anastomosis). Sources of micro-embolism include atherosclerotic debris, particulate matter, fat globules arising from shed mediastinal blood or air [3] . Blood from the mediastinal aspirate contains a high concentration of lipid globules that have been linked to small capillary-arteriolar emboli at postmortem examination [32, 33] . Since these lipid globules are not removed by arterial line filters in the bypass circuit, many centres process blood aspirated from the mediastinum in a cell-saving device although there are inconclusive findings on whether this practice is associated with a decreased incidence of POCD. Cell-saver processing of large quantities of blood might predispose patients to bleeding and blood transfusion due to loss of clotting factors and platelets. Finally, atrial fibrillation, that typically occurs on postoperative day 2 to 3, is another source of cardio-embolic stroke in these patients.
Cerebral injury due to hypoperfusion may be a primary cause of brain injury or it may exacerbate injury from other causes by limiting collateral perfusion to the ischaemic penumbra and/or limiting 'wash- out' of micro-emboli [34] . The importance of hypoperfusion in cerebral injury was underscored by a study by Gottesman et al. who reported that over two-thirds of strokes after cardiac surgery had a watershed pattern based on diffusion-weighted brain MRI [35] . It is widely speculated that the size and location of brain ischaemic injury ultimately determine the spectrum of neurological manifestations. Thus, injury to the motor cortex may lead to a clinically obvious stroke but a smaller volume of thalamic injury or frontal sub-cortical ischemic injury might only be manifest as POCD [3] . A limitation to this pathophysiologic model is the inconsistent relationship between embolic signals during surgery as detected with transcranial Doppler monitoring and POCD [3] . Furthermore, there are inconsistent data on whether diffusionweighted brain MRI evidence of ischaemic brain injury is associated with POCD, suggesting that its aetiology is at a level of neuronal dysfunction that is not necessarily related to objective evidence of infarction.
The mechanism of delirium is not entirely known either. Altered central nervous system neurotransmission, with increased dopaminergic and decreased cholinergic activity, is often invoked as a common final pathway leading to delirium [21] . Many drugs used perioperatively modulate these pathways and, thus, could potentially exacerbate pre-existing neurotransmission abnormalities in susceptible patients. An inflammatory basis for delirium susceptibility has also been proposed [36] . The latter findings might have relevance to POD considering surgery-related inflammation due to tissue trauma. Regardless, risk models for delirium recognise the interaction between pre-existing patient vulnerability and acute precipitating factors. The greater the number of pre-existing vulnerability factors, the lower the acute precipitating factors (e.g. visual impairment, severe illness, cognitive impairment or dehydration) necessary for delirium to develop [36] . There is an evolving concern regarding the role of deep anaesthesia and risk of POD. A systematic review found that anaesthesia guided by processed EEG monitoring was associated with a reduction in the incidence of POD (relative risk (95%CI) 0.71 (0.60-0.85)) [37] . A recent consensus statement from the European Society of Anaesthesiology recommended minimising depth of anaesthesia by monitoring processed EEG in order to reduce the risk of POD [38] .
Risk factors
There are a number of risk factors linked to postoperative neurological complications. Individual risk for stroke is easily calculated with on-line tools such as the Society of Thoracic Surgeons Risk Calculator (http://riskcalc.sts. org/stswebriskcalc/#/calculate). Stroke, POCD and POD share many risk factors that can be divided into demographic non-modifiable risk and modifiable peri- operative risk factors (Table 2) . Advanced age and systemic concomitant disease are common risk factors for all complications. Atherosclerosis of the ascending aorta may predispose to stroke and/or POCD. While dislodgement of athero-emboism from aortic manipulations is an obvious explanation, atherosclerosis of the thoracic aorta also identifies individuals with more widespread vascular disease including the cerebrovascular circulation. A higher level of education imparts protection against POCD and POD. This relationship is widely viewed as representing higher cognitive reserve and possibly neuronal plasticity with enhanced tolerance to the multiple peri-operative perturbations that may be less well tolerated by more vulnerable patients. Identifying risk for neurological complications provides the framework for development of strategies to reduce their frequency.
Brain protection strategies
A broad summary of approaches to reduce peri-operative brain injury during cardiac surgery and bypass is listed in Table 3 . The implications of perturbations associated with bypass as a source of neurological complications provided the basis, in part, for the adoption of 'off-pump' CABG surgery. The majority of data thus far, though, have failed to show consistent reduction in neurological complications with off-pump vs. surgery with bypass [39, 40] . There are currently no widely accepted pharmacological treatments for the prevention of neurological complications [3] . Strategies to reduce POD have focused on correction of metabolic abnormalities (e.g. glycaemic control, electrolyte imbalance), hydration, avoidance of hypoxaemia, avoidance of drugs with central anticholinergic effects, avoidance of benzodiazepines and optimisation of postoperative analgesia and ICU sedation. A multidisciplinary team approach with geriatric proficiency that includes cognitive stimulation, mobilisation, sleep hygiene, hearing and vision support, and nutrition has shown promising reduction in the frequency and severity of delirium [22] . Near-infrared spectroscopy (NIRS) derived regional cerebral oxygen saturation (rScO 2 ) signals might be a suitable surrogate for cerebral blood flow (CBF) for autoregulation monitoring [41, 42] . This approach would allow for individualising mean arterial pressure (MAP) targets during bypass in contrast to the current standard of care where MAP goals are empirically derived. The basis of this approach is that rScO 2 is a derived measure of cerebral oxygen supply vs. demand [41] . With the exception of CBF most determinants of cerebral oxygen balance (e.g. cerebral metabolic rate, haemoglobin concentration and oxygen saturation) are relatively stable over short periods of times. Regional ) with an infusion of insulin (C) Arterial blood pressure should be maintained at > 70-75 mmHg during CPB in high-risk patients (B) Near-infrared spectroscopy (NIRS) monitoring should be considered, especially in high-risk patients (B) Processing cardiotomy suction aspirate with a cell-saver device as a means for preventing neurocognitive dysfunction (A) Transfusion of packed red blood cells should be considered in high-risk patients when haemoglobin is ≤ 80 g.l À1 or higher, depending on other patient-specific considerations (C) Class IIb Systemic hypothermia during CPB Pharmacologic neuroprotection
The data are ranked based on the methods used by the American Heart Association as follows: Level A (data from multiple randomised clinical trials or meta-analysis); Level B (data from a single randomised trial or non-randomised studies); and Level C (case studies, expert opinion or standard of care). Based on this hierarchy of evidence, recommendations are made as follows: Class (always acceptable, proven safe and definitely useful); Class IIa (acceptable, safe and useful. Reasonably prudent physicians can choose. Considered the intervention of choice by a majority of physicians; Class IIb (acceptable, safe and useful. Considered optional or alternative treatment by most experts); Class III (no evidence of benefit); and Class indeterminate (intervention can be used, but evidence is insufficient to support efficacy).
cerebral oxygen saturation and MAP data from standard patient monitors are processed using customised software running on a laptop computer. The signals are filtered to focus on slow-waves (< 0.05 Hz) associated with cerebral blood flow autoregulation. A moving Pearson correlation coefficient is then derived between the filtered rScO 2 and MAP signals generating the variable cerebral oximetry index or COx (Fig. 3) . When blood pressure is within the autoregulation boundaries, there is no correlation between MAP and CBF, or in this case, its surrogate rScO 2 . That is, when autoregulated CBF is stable despite changes in MAP. However, when outside the autoregulation thresholds, CBF is MAP-dependent resulting in an increase in the correlation coefficient COx with declining or rising blood pressure. COx has been validated against more established methods (i.e. laser Doppler or transcranial Doppler) [41, 42] and importantly large variation has been found between patients in the lower limit of autoregulation during general anaesthesia (e.g. MAP 40 mmHg to 90 mmHg). Thus, in usual clinical practice, many patients may spend considerable periods of time with their MAP below the lower limit of autoregulation exposing them to cerebral and organ hypoperfusion. In clinical investigations, the magnitudeduration that MAP is below the lower limit of CBF autoregulation (dose of individualised hypotension) is associated with major morbidity and operative mortality, including acute kidney injury and stroke [43, 44] . In contrast, the magnitude-duration that MAP is above the upper limits of CBF autoregulation based on COx monitoring is associated with POD [45] . An explanation for the latter is that CBF above that needed for metabolic demands (i.e. cerebral hyperaemia) may contribute to risk for POD as is seen with hypertensive encephalopathy. Regardless, the use of NIRS-based CBF autoregulation monitoring holds great promise for personalised goal-directed patient management.
Since this technique provides a non-invasive, continuous output that requires little caregiver expertise, its widespread use is feasible once the monitoring is clinically available.
Conclusions
Brain injury from cardiac surgery is an important source of patient morbidity and mortality. The relationship between risk for brain injury and advanced age portends a rising frequency of these complications due to an increasing proportion of elderly patients undergoing cardiac surgery. A comprehensive strategy of brain protection involves addressing its two main precipitants: cerebral embolism and cerebral hypoperfusion. Evaluation of the available evidence suggests that brain protective measures during cardiac surgery include the use of membrane oxygenator, arterial line filter, epi-aortic ultrasound and avoidance of hyperthermia during rewarming. Other common management principles during bypass can be considered, but the data are insufficient to definitively conclude that these measures will reduce the frequency of neurological complications. Newer methods of patient monitoring hold promise for providing an improved method of individualising blood pressure management to ensure that it remains within CBF autoregulatory limits during surgery.
